Black hole mass, along with mass accretion rate, is a fundamental property of active galactic nuclei. Black hole mass sets an approximate upper limit to AGN energetics via the Eddington limit. We collect and compare all AGN black hole mass estimates from the literature; these 177 masses are mostly based on the virial assumption for the broad emission lines, with the broad-line region size determined from either reverberation mapping or optical luminosity. We introduce 200 additional black hole mass estimates based on properties of the host galaxy bulges, using either the observed stellar velocity dispersion or using the fundamental plane relation to infer σ; these methods assume that AGN hosts are normal galaxies. We compare 36 cases for which black hole mass has been generated by different methods and find, for individual objects, a scatter as high as a couple of orders of magnitude. The less direct the method, the larger the discrepancy with other estimates, probably due to the large scatter in the underlying correlations assumed. Using published fluxes, we calculate bolometric luminosities for 234 AGNs and investigate the relation between black hole mass and luminosity. In contrast to other studies, we find no significant correlation of black hole mass with luminosity, other than those induced by circular reasoning in the estimation of black hole mass. The Eddington limit defines an approximate upper envelope to the distribution of luminosities, but the lower envelope depends entirely on the sample of AGN included. For any given black hole mass, there is a range in Eddington ratio of up to three orders of magnitude.
Introduction
Black holes have been the leading candidate to power the central engines in AGN for over three decades (Lynden-Bell 1969) , but direct evidence for their presence has been elusive. In nearby galaxies, spatially resolved kinematics have provided strong evidence for the ubiquity of nuclear black holes, with dynamical black hole detections reported for 37 galaxies (Kormendy & Gebhardt 2001) . Such observations are available only for a handful of the nearest AGN (Harms et al. 1994 .
Black hole mass, along with mass accretion rate, is a fundamental property of AGN. Via the Eddington limit, a maximum luminosity for the idealized case of spherical accretion (L Edd = 1.25 × 10 38 × M BH /M ⊙ ergs s −1 ), the black hole mass sets an approximate upper limit to AGN energetics. It is also the integral of the accretion history of the AGN. However, direct kinematic observations of the black hole mass are limited by finite spatial resolution (a typical AGN at redshift 2 would require nano-arcsecond resolution to probe the sphere of influence of the black hole), not to mention that scattered light from the bright central source dilutes any kinematic signal from orbiting material.
For these reasons, various less direct methods for estimating black hole mass have been devised. One set of methods ( § § 2.1,2.2) assumes the broad-line region (BLR) is gravitationally bound by the central black hole potential, so that the black hole mass can be estimated from the orbital radius and the Doppler velocity. The reverberation mapping technique utilizes the time lag between continum and emission lines to derive the distance of the BLR from the black hole (Blandford & McKee 1982 , Peterson 1993 . About three dozen AGN black hole masses have been measured using this technique. A less costly alternative is to infer the BLR size from the optical or ultraviolet luminosity (McLure & Dunlop 2001 , Vestergaard 2002 , with which it is correlated, at least over a limited range of luminosities .
A different approach to estimating black hole mass is to exploit the correlation, seen in nearby normal galaxies, between black hole mass and stellar velocity dispersion, σ (Ferrarese & Merritt 2000 , Gebhardt et al. 2000a ). If AGN host galaxies are similar to non-active galaxies, this correlation should hold also for them. Since stellar velocity dispersion measurements are still difficult for higher redshift AGN, the stellar velocity dispersion can possibly be inferred from effective radius and central surface brightness assuming AGN host galaxies occupy the same fundamental plane as ordinary ellipticals (O'Dowd et al. 2002) .
Some previous studies have found a tight relation between mass and luminosity in AGN (Dibai 1981 , Wandel & Yahil 1985 , Padovani & Rafanelli 1988 , Koratkar & Gaskell 1991 ; however, the scatter is large when the black hole masses are restricted to the most reliable estimates (from reverberation mapping). One might have expected a correlation between AGN black hole mass and luminosity since the Eddington luminosity is proportional to black hole mass, but if there is a range in accretion rates and/or efficiencies, the relation will be weaker.
In this paper, we collect and compare all AGN black hole mass estimates from the literature, and we make new black hole mass estimates from stellar velocity dispersions ( § 2). We calculate bolometric luminosities for these same AGN to investigate their massluminosity relation, and look for trends of Eddington ratio with luminosity ( § 3). Table 1 summarizes the number of black hole mass estimates from the various methods. We use H 0 = 75 km s −1 and q 0 = 0.5 throughout this paper.
Black Hole Masses in AGN
Very few black hole masses in AGN have been measured with spatially resolved dynamics near the central black hole which is the preferred method for estimating black hole mass in nearby (inactive) galaxies. The two cases in which this has been done with maser kinematics (NGC 1068 and NGC 4258) are listed in Table 2 . Remaining black hole masses are determined with less direct methods.
Masses from the Virialized Motion
Assuming that broad-line clouds are virialized, for which there has been increasing evidence (Krolik et al. 1991 , Wandel et al. 1999 , cf. Krolik 2001 , the black hole mass can be estimated:
The virial assumption may not be correct, however; radiation pressure and/or magnetic fields may contribute significantly to the dynamics (Krolik 2001) , and outflows or winds could cause the observed line widths to exceed those induced by the black hole potential alone. In these cases the black hole mass calculated from Eq. 1 would be overestimated.
Reverberation Mapping Estimates
In reverberation mapping, the BLR size is estimated from the time lag between the ionizing continuum and the broad-line strength (Peterson 1993) . To date, 36 AGN black hole masses have been measured from combining reverberation-mapped BLR sizes with broadline velocities (Wandel et al. 1999 , Ho 1999 , Onken & Peterson 2002 . These are listed in Table 3 , along with the redshifts, bolometric luminosities, and published AGN types.
Contributing to the uncertainty in the black hole mass estimation are the BLR orbits and velocities assumed. The broad line velocity can be determined from the observed spectra, either as the mean of the FWHM derived from each line or as the FWHM from the root mean square (rms) spectrum . Kaspi et al. (2000) showed that the two velocity estimates are similar; however, the difference between the two gives black hole mass uncertainties as large as a factor of ten (Figure 1 ).
Assumptions about the orbital shape and inclination of the broad-line clouds introduce additional uncertainties. An isotropic distribution with random inclinations is often assumed for the broad-line clouds, in which case velocity is derived from Equation (2) with f = √ 3/2 (Netzer 1990) :
However, the random orbits assumption may not be valid for quasars. McLure & Dunlop (2001) reproduced the FHWM distribution of Seyferts and quasars with two disc components, and determined that the average relationship between observed FWHM and actual orbital velocity corresponds to f = 3/2. Thus for the same AGN, the black hole mass estimates in McLure & Dunlop (2001) are factor of 3 larger than those of Kaspi et al. (2000) . Considering orbital shape alone, the full range of uncertainty in mass appears to be 2 orders of magnitude, from f = 3/2 to ∼ 200 (Krolik 2001) .
In Figure 1 we compare 34 reverberation-mapped black hole masses calculated for two different estimates of the broad-line velocities . The derived black hole masses for a given object differ by less than an order of magnitude, making reverberation mapping one of the more robust techniques for estimating AGN black hole masses. It is however resource intensive, time consuming, and not applicable to most AGN (those without broad lines). Consequently, relatively few AGN black hole masses have been well estimated.
Black Hole Mass Estimates using the BLR Size -Luminosity Relation
Since reverberation mapping is a laborious process, alternative ways of deriving the BLR size are of interest. Several authors have noted that R BLR (where known from reverberation mapping) appears to correlate with UV/optical luminosity (Koratkar & Gaskell 1991 , Kaspi et al. 1996 , Wandel et al. 1999 . The proportionality has been reported as L 1/2 opt (Wandel et al. 1999) , which corresponds to a constant ionization parameter, but in the most recent studies appears to be R BLR ∝ L 0.7 5100Å , Vestergaard et al. 2002 cf. McLure & Jarvis 2002) . Using this relation and assuming random isotropic orbits (f = √ 3/2 in Eq. 2), we obtain:
There is large scatter in the R BLR -L 5100Å correlation (e.g., Figure 7 of Kaspi et al. 2000) , and it has been established only over a limited range of luminosities, hence it yields correspondingly uncertain black hole masses. We list these values in Table 4 , along with the redshift, bolometric luminosity, and AGN type, and in Figure 2 we compare them to all available reverberation mapping estimates. The differences range up to an order of magnitude, with an rms difference of 0.50 in the log of the ratio.
If optical luminosity is well correlated with bolometric luminosity, the fitted correlation of Kaspi et al. (2000) leads to a precise relation between black hole mass and bolometric luminosity (something we would like to investigate rather than assume). The Eddington ratio (i.e., the ratio of bolometric luminosity to Eddington luminosity) would then depend on bolometric luminosity to the 0.3 power.
Although there are some concerns, black hole mass estimates with this method remain important given the difficulty of more accurate estimates and the relatively small number of AGN for which any black hole mass estimates have been made. Thus, we collected all such black hole mass estimates available in the literature (26 from McLure & Dunlop 2001 , 3 from Laor 2001 , 80 from Gu et al. 2001 , 30 from Oshlack, Webster & Whiting 2002 , re-computed using Eq. 3 for consistency with our cosmology.
Black Hole Mass from Stellar Velocity Dispersion
In nearby galaxies there is apparently a close connection between the central black hole and the bulge kinematics. Specifically, black hole mass (determined from spatially resolved kinematics) correlates well with stellar velocity dispersion, as M BH ∝ σ 3.75 (Gebhardt et al. 2000a) or M BH ∝ σ 4.8 (Ferrarese & Merritt 2000) . From the collective analysis by Tremaine et al. (2002) :
-6 -AGN host galaxies appear to be very much like normal galaxies. This is particularly well established for radio-loud AGN, whose host galaxies follow the usual Kormendy relation (Taylor et al. 1996; McLure et al. 1999; Urry et al. 2000; Bettoni et al. 2001) . Present data on host galaxies are in accord with the "grand unification" hypothesis, suggested on other grounds, that AGN are simply a transient phase of normal galaxies (Cavaliere & Padovani 1989) . Therefore it is reasonable to expect that the same M BH -σ correlation should be present in AGN host galaxies, in which case we can use Eq. 4 to infer black hole mass. Gebhardt et al. (2000b) and Ferrarese et al. (2001) estimated black hole masses in this way for a few Seyfert galaxies (7 and 6 respectively), and found good agreement with reverberation mapping values.
From Direct Measurement of Stellar Velocity Dispersion
An increasing number of AGN have published measurements of stellar velocity dispersion. Black hole masses calculated from σ have been published for 21 Seyferts (Wu & Han 2001) and 12 BL Lac objects Barth, Ho & Sargent 2002) ; we rescaled these to our cosmology as needed. From the literature we collected velocity dispersions for an additional 108 AGN (36 Seyfert galaxies and 72 radio galaxies), and calculated their black hole masses according to Eq. 4. All 141 black hole masses are presented in Table 5 .
For 14 Seyfert galaxies both velocity dispersions and reverberation-mapped BLR sizes are available. In Figure 3 we compare the two associated black hole mass estimates. They agree relatively well, with scatter much less than an order of magnitude.
From Indirect Estimates of Stellar Velocity Dispersion
Stellar velocity dispersions are not extensively known for AGN host galaxies, nor are they easy to measure, particularly at higher redshift. However, by the same "grand unification" of host galaxies with normal galaxies, we can infer the velocity dispersions (albeit with additional scatter) from the morphological parameters of the bulge: r e , the effective radius, and µ e , the surface brightness at that radius. These have been very well measured for more than 100 AGN using the excellent spatial resolution of the Hubble Space Telescope 1 (HST), which yields more robust results than observations in typical ground-based seeing.
Thus, at least for radio-loud AGN, black hole mass can be derived from r e and µ e (O' Dowd et al. 2002) . If sufficiently accurate, this would be an extremely valuable method since the required imaging data are much easier to obtain than σ, and such a method could be applied widely and at higher redshift than the direct method.
Using this method, we estimate 59 new black hole masses for 45 BL Lac objects, 10 radio galaxies, and 4 radio-quiet AGN, all of which have host galaxies detected with HST. Surface brightnesses and effective radii from Urry et al. (2000) and Dunlop et al. (2002) are used to derive stellar velocity dispersion via fundamental plane relation of Jorgensen et al. (1996) :
log r e = 1.24 logσ − 0.82 log < I e > +0.2132 z − 0.00131 − C .
Here, C = 0.176 for cosmological correction to H 0 =75 km s −1 . Black hole masses are then estimated using Eq. 4. Morphological parameters and derived black hole masses are given in Table 6 . Bolometric luminosity is not straightforward to derive for most of these objects because of beaming and obscuration.
To test the accuracy of this fundamental plane method for estimating black hole mass, we considered 72 radio galaxies for which all three parameters of the fundamental plane are measured ).
2 Figure 4 shows the comparison of black hole masses derived indirectly from µ e and r e with those derived directly from σ. (This is in effect an unusual projection of the fundamental plane.) Points are coded to highlight the homogeneous data of Bettoni et al. (filled circles) , which are more tightly correlated than the additional heterogeneous data (open squares and crosses) collected by them. The six most extreme outliers are marked with crosses. The mean black hole masses determined by the two methods agree to within 10%, while the rms scatter is a factor of 4 or so (slightly higher for the heterogeneous data than for the homogeneous data).
Although the fundamental plane method introduces additional scatter compared to direct measurement of stellar velocity dispersion, estimating black hole masses in this way is so far one of the few ways to infer AGN black hole mass for high redshift AGN (perhaps the only method for AGN that lack broad emission lines). Of course, the underlying assumption of "grand unification" of AGN and galaxies remains untested, particularly at high redshift.
Bolometric Luminosity and Black Hole Mass

Bolometric Luminosity of AGN
Bolometric luminosity of AGN is sometimes approximated from optical luminosity, since integration of the spectral energy distribution (SED), which spans many decades in wavelength, is usually hampered by lack of wavelength coverage and by variability. Here we are able in many cases to determine bolometric luminosity by integrating all available flux points in the SED. This is particularly important given the role of optical luminosity in deriving some black hole masses, otherwise correlations between M BH and L bol can be induced.
For 234 of the 377 AGN for which black hole mass has been estimated in the Tables, we were able to determine bolometric luminosity. The other 143 objects are radio galaxies and BL Lac objects, for which obscuration and beaming are significant. For 82 of the 234, there are numerous published fluxes from ultraviolet to far-infrared wavelengths, which we collected using the NED database.
3 Multiple observations for the same band were simply averaged, and the Galactic extinction law (Cardelli, Clayton & Mathis 1989 ) was used to correct for dust (with A V also taken from NED). We then integrated these SEDs directly to get the bolometric luminosity.
For the remaining AGN, mostly quasars at relatively high redshift, sufficient flux points were unavailable. In 152 cases, including most of the luminous quasars, we obtained the bolometric luminosity by fitting the average SED for that AGN type to the available flux points. Average SEDs are from various sources: radio-loud and radio-quiet quasar SEDs are from Elvis et al. (1994) ; Seyfert 1 SEDs are from Mas-Hesse et al. (1994) ; and Seyfert 2 SEDs are from Schmitt et al. (1997) . Optical flux was corrected for Galactic extinction using individual reddening values from NED. We note that the bolometric luminosities are roughly 10 times the optical luminosity (precisely, in the case of SED fitting for quasars, and within a factor of 5-6 in the case of direct integration of the SEDs).
Bolometric luminosities for a total of 234 AGN are given in Tables 2, 3 , 4 and 5. The associated black hole masses were estimated as follows: 2 from maser kinematics, 36 from broad-line widths plus reverberation mapping, 139 from broad-line widths plus the L 5100Å -R BLR relation, and 57 from the M BH -σ relation.
In order to check our bolometric luminosity measurements, we compare them with previous estimates by Padovani & Rafanelli (1988) , who integrated available optical to far-infrared fluxes for 58 Seyfert galaxies and quasars. Twenty-six AGN in the Padovani & Rafanelli sample have bolometric luminosities estimated here; we rescaled the former values to H 0 = 75 km s −1 simply by multiplying by 4/9 (H 0 = 50 km s −1 , q 0 = 0 in their calculation). The comparison is shown in Figure 5 . The two estimations agree well although the Padovani & Rafanelli values may be systematically lower due to the more limited spectral range in their calculation.
The Black Hole Mass -Luminosity Relation
We now compare bolometric luminosity with black hole mass. Figure 6a includes only the 36 reverberation-mapped quasars and Seyfert galaxies, and Figure 6b includes the 57 Seyfert galaxies for which black hole mass was estimated from observed stellar velocity dispersion. There is large scatter and little correlation between bolometric luminosity and black hole mass. For a given black hole mass, the bolometric luminosity ranges over more than two orders of magnitude. Figure 6c shows the mass-luminosity plot for AGN with black hole masses that were derived from optical luminosity and broad-line velocity (McLure & Dunlop 2001 , Laor 2001 . Even here there not much more of a correlation, although one will appear if optical and bolometric luminosities are well correlated. That is, since black hole masses for these AGN were derived from L 5100Å , the slope indicated by the solid line is implied if L bol is proportional to L 5100Å . Figure 7 shows the mass-luminosity relation for all 234 AGN. Even more clearly than in Figure 6 , there is hardly any trend of luminosity with black hole mass. For a given AGN black hole mass, the bolometric luminosity ranges over at least two, and as much as four, orders of magnitude. The Eddington ratio must span a similarly large range. The Eddington ratio does define an approximate (but not hard) upper limit to the distribution of luminosities; that is, points are missing from the upper left region above the dotted line, in fact previously noted by McLeod, Rieke & Storrie-Lombardi (1999) . The lack of points in the lower right, however, is a selection effect: this part of the diagram gets filled in simply by including lower luminosity AGN, continuously down to galaxies. Among the low-luminosity objects with large black holes are the radio galaxies and BL Lac objects for which we do not have good estimates of bolometric luminosity (cf. O'Dowd et al. 2002) ; the box indicates the approximate region they occupy, calculated from the observed luminosities of BL Lacs using the family of SEDs from Fossati et al. (1998) and correcting for beaming factors in the range 3-10 (Dondi & Ghisellini 1995) .
AGN lore has it that the Eddington ratio is 0.1-1 for high-luminosity sources and an order of magnitude or more smaller for low-luminosity sources. Our sample of AGN spans 5 decades in bolometric luminosity so we should be very sensitive to any such trends. In Figure 8 we plot Eddington ratio versus bolometric luminosity (top panel). At most luminosities, the Eddington ratio spans two decades or so, except at the very highest luminosity. There appears to be a deficit of high luminosity objects with low Eddington ratios (i.e., with black holes in the range 10 8 < M BH /M ⊙ < 10 10 ). However, these include some of the radio sources for which we do not have good bolometric luminosities (see Table 6 ). Furthermore, if more massive black holes are rare (i.e., there is a steep mass function), they would on average be found at high redshift, yet low-luminosity radio sources at high redshift are excluded from flux-limited samples. There is also a deficiency of points in the upper left corner of the plot; these would be AGN with luminosities of 10 44 ergs s −1 and black hole masses less than 10 6 M ⊙ . (Note that low-luminosity AGN may be more difficult to detect because of dilution by host galaxy light.) Thus there is no immediate evidence of any real trend in Eddington ratio with luminosity.
We also plot Eddington ratio versus black hole mass (bottom panel). Again, there are no clear trends that cannot be explained by sample selection effects. For example, objects with luminosities below 10 43 ergs s −1 are not called Seyfert galaxies or quasars and thus do not appear in this diagram. (One could add them, and they would fill in the lower left corner of the plot.) AGN with luminosities greater than 10 47 ergs s −1 are rare and thus probably too distant, on average, to have black hole mass estimates. With such a heterogeneous sample, we hesitate to make any strong statements, but certainly we see only very weak trends or correlations, and those are quite plausibly induced by sample selection effects.
We can see this by plotting the Eddington ratio versus redshift (Figure 9 ). Again there is little if any trend. High Eddington ratio objects (L bol /L Edd 1) are perhaps missing at low redshift, but this can be explained as a volume effect (i.e., given the steep luminosity function of AGN, one has to survey a large volume to find a relatively rare high-luminosity AGN). More obviously, low Eddington ratio objects L bol /L Edd 1) are absent at high redshift, and this is partly a flux limit issue, since low-luminosity AGN fall out of samples at high redshift. Thus any trends that do appear to the eye in this plot are explained by obvious selection effects.
Black Hole Mass and Radio Luminosity
Finally, we look at radio luminosity versus black hole mass (Fig. 10, top panel) since previous reports have suggested there is a correlation between the two (McLure et al. 1999; Lacy et al. 2001) , although more recent investigations have not found such a correlation (Ho 2002; . Again, there is little evidence of a correlation, particularly given the missing low-luminosity sources like BL Lacs that do appear to have high black hole masses (and thus should help fill in the lower right corner of the plot). Very low-luminosity AGN (L < 10 23 W/Hz) with massive black holes may be missing, though this is hard to quantify given the missing BL Lacs and radio galaxies.
To further investigate this point, we consider radio-loudness. There have been suggestions that black hole mass is a factor in radio loudness, such that Laor 2000) . In Figure 10 we plot radio loudness versus black hole mass for the same objects (bottom panel). The radio-loud AGN have a very broad distribution of masses, so there clearly is no threshold effect. In the radio-quiet regime (R < 1), the distribution of masses is narrower, with no black holes masses greater than M BH 10 9 M ⊙ . We note that almost all of the high-mass black holes are estimated from the optical luminosity method; that these occur in radio-loud AGN, therefore, could be explained if an appreciable fraction of the optical luminosity is beamed. If instead the absence of high-mass radio-quiet AGN is real, this would be a very significant distinction between the radio-quiet and radio-loud AGN. However, given the heterogeneous sample discussed here, the absence of evidence of these objects is not evidence of their absence, and more work will be required on this point.
Summary and Conclusions
We estimated and/or collected from the literature black hole masses for 377 AGN, obtained with various methods. These span a range of nearly 4 orders of magnitude, from 10 6 M ⊙ to 7 × 10 9 M ⊙ . Direct comparisons suggest that reverberation mapping and stellar velocity dispersion give reliable black hole mass estimates -within factors of a fewwhile using optical luminosity to infer broad-line size or using the fundamental plane to infer velocity dispersion leads to somewhat larger uncertainties. In the case of virial estimates (reverberation mapping, optical luminosity, or other), additional uncertainties enter through the unknown orbits and the possible non-virial motions of the line-emitting gas.
We estimated bolometric luminosities for most of the AGN, apart from those affected strongly by beaming or by obscuration of the nuclear emission. Comparing bolometric luminosity to black hole mass for 234 AGN, we find little or no correlation. Gaps in coverage of the L bol -M BH plane are due at least in part to high-mass, low-luminosity objects like the BL Lac objects and radio galaxies for which we have no good bolometric luminosity estimates.
For a given black hole mass, bolometric luminosities range over as many as four orders of magnitude. The Eddington ratios span nearly as large a range, 2-3 orders of magnitude at most luminosities. These are much larger than any uncertainties in the estimates of either black hole mass or luminosity. There are no strong trends of Eddington ratio with luminosity, contrary to long-held preconceptions. The absence of low Eddington ratios at high redshifts (high luminosities) can be explained at least in part by selection effects in flux-limited surveys wherein highly sub-Eddington AGN disappear progressively at higher redshifts.
We also do not confirm previously reported trends of radio luminosity with black hole mass, and while our results indicate a modest dependence of radio loudness on black hole mass, selection effects may exaggerate or even produce this trend. On the whole, black hole mass seems to have remarkably little to do with the appearance of active nuclei, either their luminosities or radio power.
Of course, the present sample includes a randomly selected mix of AGN, with black hole masses estimated in different ways, by different people, from different data sets. There may be real trends dependent on other variables not taken into account here (e.g., AGN type). It is obviously of interest to apply the more robust black hole mass estimation methodsreverberation mapping and stellar velocity dispersion -to a large sample of AGN, at as high a redshift as possible, although these methods will probably not work for the typical AGN at z ∼ 2-3. In practice, such a study would start with measurements of stellar velocity dispersions at 0.05 z 0.4, which require 4-to 10-m class telescopes.
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